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|1 OBJECT [
- P A study of the seizing and galling characteristics y:
B of titanium end titanlum-basze alloys. J
. SUMMARY !
l Equipment for doing experimental work on friction “%'
- characteriastics of metals for various loads and speeds B/
} ] has been aszsembled. Tests have been made for variable ;
. 1. conditions of load, speed, time of rubbing, and mater- k|
& ials of rubbing specimens, Although most of the tesats .
E . have been made for titanium versus titanium, many runs i
k- . have been made for more commonly used metala. Plans :
3 o for future work are given, jg
CONCLUSIONS '
] o 1, In general, at the same normal load and speed, 4 fg
N galling will start earlier when either, or both, :
¥ rubbing surface 1ls rough.
3 2. For titanium vs, titanium, if galling has started 1
2 : on one surface 1t does not take long for the other surface 8
¥ , to follow sult. :
;{ : 3. If the time of rubbing is made long enough almost ;
b any condition of load and speed will produce galling for f
B _ titanium versus titanium.
1 4, In general galling occurs more easily at high loads.
ﬁ B. In genercl galling occurs more easily at high speeds, ;
b | I ‘
\ ‘; . ’Tﬂccos}sion For
- FRTTS  GRABI Iz
3 . LTI TAR 0
g Unarwoumend ) ¥
; 2 Justtidteatdon ] !
‘; B e 1
1 Diwtribetions
] ~Avallablllity Codes
. " jAvail andfor ]
A Dist Spoecial
‘7 | ] 1- A‘” ]
-: |
| INANNOUNCET
\;’.‘.il'k\h im0kl am..‘.,,‘;.,. VAl s L o b v et [rRP— ,u.,u g g g S A et a0 s -'w—v«‘:"rvm.'-»m'v"nJ\«"—"“\i'vi\:\}w'ii:E;bﬁvwmlw’iﬁliﬁﬁdi' L l-&#w\iww .



1
i TABLE OF CONTENTS i
] Distribution List . « . + « v v o o o s « + .+ . . Page 3 3
‘ A Abatract 1 4 . * L] L] . . . L ] [ ] e * L ] 1] . L] L] . L] [ ] Pag° '7 ;,‘
5 &, I. Introduetion . . « « ¢ . v « v + ¢« ¢« ¢« ¢« « + « Page B ;
H' II. Preliminary Considerations . . . . . . . . . Page B ;
b ITII. Deslgn Requirements ., . . . . . « « « + « . Page 9 f
; IV. Description of the Apparatus . . . . . . . . Page 10 f
"‘ V. OPOr&bion . « v o v 4 4 4 v s 4 4 e s e . o . Page 11 E
L VI. Reproducibility Test . . . . . + + « « » « . Page 12 -
VII. Observation of Surfacea . . . . . . . . . . Page 13 E
VIII. Typloal TSt . . « o o « « « « + + +« + « . Page 14 K
IX, Commonly Used MetRals ., . . « ¢« « « »+ &+ + « » Page 1B i
x0 speed Effactﬂ L] ] L] [ [] [ L] L] L] L] L] L] L] L] . L] PIBO 15 j
XI. Future Considerations . . « + « + + &+ o « » « Page 15 i
xII‘ POI‘BOnnel . . » L] [] 1) . . [y [ » . . . . [ [] Plﬂﬁ 16 T.
Table I :
Figures ]
3 :
i :
) :f
b §
; ‘
: ;
} i
5
L . o !
i il 1.9 o 3k i i FIS " Lt "“:d




Cogz No.

2-3

i ik
»

9-10

i 11-12

ET e

14-15

16

il cu oty bk 3 Ml e td o de Vst

Seizing and Galling of Titanium

TECHNICAL REPORT DISTRIBUTION LIST

Contractor

Department of the Army
Office, Chief of Ordnance

The Pentagon

Washington 25, D. C.

Attn:

Same,
Same,
Same,
Same,
Same,

Same.

Attn:

Attn:

Attn:

Attn:

Attn:

Attn:

CORDTB - Res. & Matls,

ORDTA - Ammunition Div.
ORDTR - Artillery Div,
ORDTS - Small Arms. Div.
ORDTT - Tank Automotive
ORDTU - Rocket Div,

ORDTX-AR - Executive Library

Same, Attn: ORDIX

Commanding General
Aberdeen Proving Ground
Aberdeen, Maryland
Attn: ORDTE

RD&E

Library

Commanding General
Detroit Arsenal
Center Line, Michigan

Commanding Officer
Frankford Arsenal
Bridesburg Station
Philadelphia 37, Pennsylvania

Commanding Officer
Picatinny Arsenal
Dover, New Jersey

-3 -

PO R T T
T s s i b ek,




b

[P

Copy No.
17-18

19

20

21

22-23

24-25

26

27

28

Contractor

Commanding Officer
Redstone Arsenal

Huntsville, Alabama i
Commanding Officer 7
Rock Island Arsenal 9
Rock Island, Nlinois : i
Commanding Officer
Springfield Armc-y *
Springfield, Mas:achusetts
Commanding Officer
Watervlist Arsenal -3
Watervliet, New York B
Central Air Documents Office
U.B., Building
Dayton 2, Ohio : K.
Attn: CADO-D* :
., {
Commanding Officer
Office of Ordnance Research ]
U.S. Army, Duke University
2127 Myrtle Drive
Durham, North Carolina
Chief b
Bureau of Aeronautics E
Navy Department b
Washington 25, D. C,
Chief }
Bureau of Ordnance 3
Navy Department ‘
Washington, D. C. 4
Chief
Bureau of Ships s
Navy Department
Washington 25, D. C.
-4 - 4
{ \ .,‘\;4 \ I}




i
v
}

Bt

FUS,

Copy No.
29

30

31

33

34

35

36

Contractor

Chief

Naval Experimental Station
Navy Department
Aunnapolis, Maryland

Commanding Officer
Naval Proving Ground
Dahlgren, Virginia
Attn: A & P Lab.

Director

Naval Research Laboratory
Anacostia Station
Washington, D, C.

Chief

Office of Naval Research
Navy Department
Washington, D. C.

Commanding General
Air Materiel Command
Wright-Patterson Air Force Base
Dayton 2, Ohio
Attn: Production Reaources

MCPB & Flight Research Lab,

Commanding General

Air Mate:.el Command

Wright-1 atterson Air Force Base
Daytun 2, Ohio

Attn: Materials Lab. MCREXM

Director

U.S. Department of Interior
Bureau of Mines
Washington, D, C.

Chief

Bureau of Mines

Eagtern Research Station
College Park, Maryland




4’ ; ; l Copy No. Contractor

i | 37 National Advisory Committee

i 1 ' For Aeronautics

b ' ‘ 1500 New Hampshire Avenue

'\i‘j ! ] waShington. Dc C.

‘ ! ] 38 Office of the Chief of Engincers Mk
iz , g

o i Department of the Army i
L \ l Washington 25, D. C.

Jié | 4 Attn: Eng. Res. & Dev. Div., Military Oper.

‘h ; | 39 U. 8. Atomic Energy Commission

* i Technical Information Service

I | Oak Ridge, Tennessece

- ! Attn: Chief, Library Branch

i N : :

i , 40 District Chief

',ii' Pittsburgh Ordnance District . ... u.o.0iu

fg_. : SOOPIETUSI IR 200-4th Averue

3 , Pittsburgh, Pennt{Abadnush 22, Pomeylvania

} - 41 Sam Tour and Company, Inc.
i ' 44 Trinity Place 5
| ‘ New York 6, New York 4
. K 1
;. 42 Battelle Mermorial Institute !
i 505 King Avenue

N e Columbus 1, Ohio

}» Attn: Dr, H, A, Pray; Mr, J. H, Jackson

4 43 Armour Research Foundation

! Technology Center -
3 Chicago 16, IDlinois >
; Attn: Mr, Gary Steven; Dr. H. T. Francis
'1 44 Commanding Officer

. ' Watertown Arsenal
i: = Watertown 72, Massachusetts ;
Attn: Technical Representative i
4 45-46-47 Commanding Officer ;
48-49.50 Watertown Arsenal i
: Watertown 72, Massachusetts -
3 Attn: Laboratory i
o :
4 -6 - ]
J '




]
B
|

ABSTRACT

Interim Technlocal Report No. 1 covering the
period from October 15, 1951 to April 15, 1852 includes
a literature survey which revealed the importance of
real area of contact, normal load, roughness, adhesion,
adsorbed films, and temperature in friction and selusing.

In this report equlipment for dolng experimental
work on friction characteristics for varlious loads and
speeds 1a descrived. Typical results of tests made to
date are presented. The effects on galling of load,
speed, roughness, and time of rubbing are diacussed.
Plans for future work are given,
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I. INTRODUCTION

This is the second interim technical report on the
galling of titanium. The report covers the period from
April 15, 19562 to October 15, 1952,

The purpose of the project i1s to determine the galling
and ssizing characteristics of titanium and titanium-base
alloys. The work is to include (not necessarily be linlted
to) an investigetion of the load and speed conditiona for
galling and seizing. The evaluation of friction and galling
characterlistics of titanium materials 1s to be made when
they are rubbed against not only like materials but aleo
steel and conventional bearing metals such as bronze and
babblitt metal.

The materials to be studied are commercially unalloyed
titanium, Ti-75A and RC-55, and two or more titanium-base
alloys, such as RC-130A, RC-130B, and Ti-).50A.

A future phase of this research is to make friction
studies of titanium materials, with and without lubrication.
It 1s also desirable to include a study of the effects on
the friction measurements of simple heat treatments and of
surface treatments speclifled by the Watertown Arsenal.

In the first interim technical renport some of the
literature on friction, wear, and seizing of metals in
general was reviewed; also, results of crude tests made
to give Information to ald in designing the experimental
apparatus were discussed.

This report presents a description of the experimental
apparatus assembled for making part of the study of friction
and galling characteriatics of titanlum. Representative
results are discuassed.

II. PRELIMINARY CONSIDERATIONS

Since the metals to be studied in thls research are to
have a wide varlety of applications, 1t would be impossible
to bulld one machine which would test the metals in all
their uses. The very fact that all phases of fleld services
cannot be feasibly reproduced points to the need for a
fundemental study of the problem, where the operating var-
lables can be carefully controlled and thelr sffects
analyzed.

R T VUV
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For thls purpcse 1t 1s desirable to design and
assemble a machine which would make possible a study of
the fundamentals of friction characteristics by isolating 4
the effects of various operating factors.

»uH

; Much of the original experimental work on friction
and wear was done by workers in the automotive industry.

- Because thelr interests lay chiefly in the wear and scuff-
1 ing of piston rings and cylinders the apparatus used were
most often of the reciprocating motion type. Even today
many wear and friction tests are made on adapted shapersa
incorporating a Scotch Yoke motion. Tests on apparatus

of thls type lack means of complete control and knowledge
of speed effects since the operating speed is non-uniform
during a run.

R e T

Quite a few of the machines used for the evaluation
of friction and wear characteristics incorporate the
rubbing of a hardened steel ball againat the metal to
be tested. The results are valid for only the metal tested
versus the hardened ateel of the ball.

E ' The apparatus described here has means by which both
3 the apeed and the material combinations to he tested are 1
} controlled. The method of rubbing the specimens is not new. K
‘ However, the meana of measuring the friction load ls some- 3
wvhat different from that used in the better known frictlion
testing machines. The main assets of the present machline
: are control over a comparatively wide range of operating

: variables and simplicity of operation.

III. DESIGN REQUIREMENTS

: ] , The design requirements for the apparatus described
here were essentially as follows:

Cotten

(1) It is possible tc vary and control easlly the
normal load applied between the test speclmens.

T e T e

(2) The relative speed of the test specimens is
variable and measurable.

! (3) The specimens themselves are readily interchangeable
: as to materials used. B

-9.-
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(4) Calibration of the load measuring devices is
simple.

(6) Results can be measured accurately and recorded
automatically.

(6) Results are reproducible.

(7) Vibrations not inherent in the rubbing procesa
1taelf are eliminated.

(8) It is posaible to inapect the damaged asurfaces at
any time throughout each test.

IV. DESCRIPTION OF THE APPARATUS

The test spparatus 1s an adaptation of a small milling
machine. The main components of the loading assembly cun be
seen in Figure 1. It provides for rubbing the end of a rod
specimen against a flat sheet or plate specimen. The rod
specimen is held at rest so that it traces a circular path
on the flat specimen which rotates in 1lts cvn plane, Means
are provided for adjusting and measuring t.e normal force
between the specimens. A ring spring is attached rigldly
to the teat rod holder and to a normal loading devlice by
means of which the spring can be compressed. The compression
is measured by a dial indicator. The entire normal load
apparatus is attached to a carriage which can osclllate 1n a
plane parallel to that of the plarte specimen. Attached rigidly
to the carriage there is an arm which at the one end impinges
on a strain ring and at the other end has a dashpot for damping
the osclllationa. The strain ring 1s eqtilpped with SR-4 strain
gages, Thus the torque due to the tangential force at the
"plate-rod" contact point can be determined. Since the normal
load im known, the coefficient of "plate-rod" friction can
be found,

Drive: The back-up plate for the flat mpecimen 1s keyed

to a spindle which is motor driver. Several ranges of
operating speeds are obtainable by changes in the positlve
drives between the motor, aspeed reducer, and spindle. Finer
speed adjustments within each range corresponding to a given
speed reducer setting are made through & rheostat on the motor.

Specimen Holders: The flat specimen is held onto the
back-up piate by four holders which are essentlially wedges
for keeping the specimen from moving away from the back-up
plate. The rod specimen is inserted in the he ad of the

normal lrnading arm and is held in place by two Allen screws.

-10-
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%ormal Loading Devicet A ring spring is attached to

e rod test plece holder. A screw arrangement makes it
possible to compress the ring spring snd thereby impose
& load between the specimens, A dial indicator measures
the compression deformation of the spring from which the
normel load 1s computed.

Lateral Loadigg Device: The entire normal loading device
Te set on a platform which rides on ball bearings and is

free to move in a plane parallel to that of the flat specimen,
An arm is attached rigidly to the platform so that one end
rests on & steel ring. BSR-4 strain gages conatituting two

. arma of an A.C. bridge are mounted on the ring such that any

gefqrmahion of the ring 1s indicated on a Brush Recorder
ape,

" Dampings A dashpot is installed on the free end of the
IaEP

P ‘orm arm to minimize undesirable vibrations during
operation,

Support s The entire lateral loading device (which also
nciludes the normal loading device) is mounted on the milling

machine table. Thus, the standard vertical and horizontal

ad Justments of the milling machine can be utilized to adjust
the relestive positions of the apecimens.

Observation of Surfacest A low power microscope 1z mounted
On an edjustable support s¢ that both specimens can be
inspected in plece,

v. OPERATION

Calibration: Calibration of the normal loading device 1is
made by the standard method of applying known loads and
recording the displacements of the dial indicator.

There i1s a small platform mounted on the lateral
loading arm. This provides a convenient aild for calibrating
thie lateral load measuring device. A Brush record is made
as knowvn welghts &re¢ put on the platform.

Preparation of Specimens: After each plate specimen is
checked for fiatness 1t is rubbed with 000 emery cloth. The
surface is then cleaned with carbon tetrachloride and wiped
off with gauze. Finally clean carbon tetrachloride is
sprayed liberally on the surface and allowed to evaporate.

’ A rod specimen is machined such that one end 1s a short
1/32 inch diameter cylinder. This is inserted in a special

-11-
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holder which permits the very tip of this cylinder to bs
exposed and rubbed with emery cloth perpendicularly to
the specimen axis. The rod end is inapected with the
] microscope and cleaned in a manner similar to that of

the plate after which 1t 1a inapscted agsain.

Test Run: After the plate and rod specimens are inserted
In place, the milling machine table la adjusted so that
there 1s no load between the two. The path radius of plate-
rod contact i1s measured and the spindle apeed is adjusted
to give the desired relative speed at the contact point. A
desired normal loacd is applied by means of the screw on the
normal loading devige, Friotion of the plate on the rod
will cause the platform of the lateral loading device to
tilt on its ball bearings soc that the end of the platform
arm impinges on the strain ring. Thua the Brush Recorder
indicates essentlially a measure of the torque applied to
; the platform arm. This, in turn, 1s a measure of the
1, friction force at the plate-10d contact.

At the end of one minute, which was arbltrarily
chosen a& the time for most of the runs, the normal load
18 taken off and the rod specimen 1s backed away from the
L plate., The track on the plate and the end of the rod are
- then inspected through the microscope. All that is required
. b for the next run is to vertically adjus: the milling machine
= : table for a new path on the plate, adjust the speed, and
i install a new rod spscimen,
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3 VI. REPRODUCIBILITY TEST

3 } An experimental apparatus is of no value unless it
i makes possible reproducible results for identical teats.
‘ The results of & typical reproduclbility test are summarized

in Pigure 2.

i Tl Lo

i For these tests tern rod specimens were prepared in an
.. T {dentical manner. One of the rods was rubbed on & clean

§ | plate with an arbitrary rod-plate contact speed of 11 feet
F per minute and & normal load of 0.99 1lb. for one mlnute.
Incidentally, the time of one minute 1s also arbitrary.

For the particular tests reported here, time intervals

from one to five minutes did not result in differences in
the lateral load readings. It should be noted, however,
that the results are valid for only the load, speed, and
time intervals recorded and should not be construed to mean
that other loads, speeds, and/or time intervals would glve
similar data., A second rod was used at another track radius

e T b i o AL R i e e i B - T
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end of one minute, the normal load was increased to 1,98
lb., and & record was taken for one minute. A third road
was used at still another track radius but the speed was
again adjusted to 11 feet per minute. The normal load was
set at 0.99 1b., for one minute, increased to 1.68 1lb. for
7 one minute, and then increased to 2.87 1lb. for one minute.
4 Thus, the procedure was to use a clean track for each rod
A and to adjust for a speed of 1l feet per minute. In each
. case the initial normal load was 0.99 1lb,, which after one
q minute was increased to 1.98 1lb., and progressively at

i intervals of one minute and 0,99 lb. to 10.89 1lb.

T P e

! with the same peripheral speed and normal load. At the

T g ey
RN TagR e

RiREt

0 k In a perfectly reproducible test, the besults of

- : each run on a rod would coincide with the results of the
& v corresponding run on all preceding rods. The curve of

. Pigure 3 showa a composite of the results with the ten i
; specimens, Considering the fact that many of the pointa &
! on this curve are coincident and that there are unavoidable Y
slight deviations from identity in the testas, the test of ]
reproducibility is thought vo be qulte good. ﬂ

In particular, the main factor which sontributes )
' to deviation from identity in the tests is that the plate E
f ; specimens are of RC-55, commercially unalloyed titanium.

‘ Except for the cleaning procedure previously outlined, 5
these plates were untreated and used as received so that ]
their flatness would be preserved. However, close inspection
under the microscope reveals the plates are not uniformly
smooth. In addition, however carefully the rod specimens
are prepared and installed, there is unavoidable slight
deviation from true orthogonality of the rods with respect

to the plate,

4 ~‘!»~;.~r R
W

VII. OBSERVATION OF SURFACES

\ Frequent inspectiona of th
' the low power microscope. The first noticeable change in
the surfaces is that & shiny path appears along the rubbing
oircle on the plate. At first the path has no depth that
can be seen, or felt with the fingers. As rubbing corntinues,
the path widens and

especially if the losd 1s increased,
deenens iﬁto a groove, Finally, the groove becomes badly

torn and shows traces of powdered metal. Most of these

metal particles are traceable to the plate materlal. However,
o] a1 upon what the rod material is, there sometimes
a35°3ar§fclga of rod material loosely adhering to the plate.

T s S il X S T e

e surfaces were made under
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In moat of the teasts made both rod and plate material
were commerclally unalloyed titanium. 1In even the most
badly injured surfaces there was no evidence of a Blelby
layer type damage. The galled portions were more of the
aforementioned powdery nature,.

After the reproducibility tests previously reported,
the apecimens were photographed under magnification. The
photographs 1llustrate conclusively in all casea that the
demage 1s truly progressive in going from the first to the
more heavily loaded specimens. Figure 4 showa representative
gpecimena with Increasing loads and, consequently, increasing
amage.

Flgure 5 shows two tracks where the load appllied for
track (a) is larger than that for track (b)., It will be
noticed that even at a lower loud, track (b) 1ls more badly
damaged., In fact, a relatively large particle of adhered
metal is seen on track (b). However, it can also be seen
that the initial roughness of the plats for track (b), as
indicatgd by the density of spots in the surroundlng.area,

8 greater,

It was found that, at the same normal load and speed,
& rubbing circle made completely on the smoother portlons
of the plate took & noticeably longer time to develop into
a8 torn and badly damaged groove than did a rubbing ocircle
made on partly smooth and partly roughened plate material.
Further proof that roughness is important 1s that 1f galling
has started on one surface, it does not take long for the
other aurface to follow sult.

VIII. TYPICAL TEST

Figure 8 summarizes the results of eleven tests made
in a manner different from the reproducibllity tests. Here
eleven specimens are rubbed at the same peripheral speed,
but the first is used with s conastant normal load of 0.33
1b., the second 0.66 lb., the third 0.99 1b., and thereafter
8t intervalas of 0.99 1lb, up to a constant normal load of
8.91 1b. Esch test was of five minutes duration. The data
plotted are the average values at steady state which came
about no leter than the second minute of operation.

This test 1s typical of the runs which are made for
the purpose of obtalning friction data.

-14-
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IX. GCOMMONLY USED METALS

" Dry rubbing tests have been made for titanium

4 materlals and more commonly used metals. Table I showa
3 : o an abatract of typlcal data obtained. Some of the tests
. indicated have not been repeated.

a -

. 1 All of the tests indicated were made with & rod-plate
D e contact spesed of 8 feet per minute. The rods have an

- . approximate tip diameter of 1/32 inch., Plate and rod

A 1. specimens are polished as nearly as possible to the same
o e degree of amoothness, The data given are steady values
. which on the average ocour after the second minute. The

. ; average runa lasted about five minutes,

i B X. SPEED EFFECTS

-2 i Some of the effects of velocity on the coefficlent
= of friction have been studied, Both commerclelly unalloyed

- and alloyed rods were rubbed on R0O=-56 plates at peripheral A
. ' | speeds of 3.5, 7, and 11 feet per minute., It was found -
Py _ ; that in general the coefficient of friction.lncreases with R
3 increased veloclty, The tests umsing the unalloyed rods

- substantiate this at all three speeds. However, curves of

! data for the alloyed rods indicate considerable scatter,

p: There is additional evidence that the coefficlent of

' friction is influenced by the roughness of the surfaces.
When the plate surface deteriorates it does not do so in

a uniform manner, Traces of the friction load show a oycllc

'1 veriation which can be positively attributed to the uneven
B deterioration of the plate surface. {

3 XI. FUTURE CONSIDERATIONS

] Future tests will require that the range of operating
A ‘ ! speeds be increased. For instance, the velocities used in
3 i the tests mentioned above differed by factors of only two
X or three. If greater factors are used, the effect on the
results of inaccuracles in the contact ureas will te less.

; Most of the tests made to date were made at loads such
that the plate was galled very soon after the atart of each
test. The sensitivity of the normal loading device 1s being
increased ao that tests can be made for normal loads of
about 1/8 1b, to over 1 1b,
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A device for measuring surface roughness 1is being
considered for two reasons. One 1is to assure that the
initial roughneases of test plates are the same. The

as SN o

] other 1s to ald in measuring the extent of surface damage.
ﬁ XII. PERSONNEL
X The personnsl who have worked on this project are
) Williem C. Leone, Frederick F. Ling, Samuel Cerni, and
j Winston F. Lee. Profesesor D. W. VerPlanck has given
T valuable advice and criticism,
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MATERIALS TESTED
Th="7B8A rod

vs.
RC=55 plate

RO-130B rod
va.
RGw55 plate

71=-150 rod
vs.

RCO-B5 plate

RC-130A rod

Vs,
RC=56 plate

mable I. TYPICAL RESULTS

AVE.
FRIC.
GQEFF.

0.45

0,47

0.47

0.49

1010 Steel rod (annealed) 0.83

vs.
Hot Rolled Steel plate

1010 Steel rod
v,
Babbitt plate

Aleo 178T4 Al rod

vs.
¢hilled Grey C.I.

0.24

0.40

plate

REMARKS

Galling of plate and rod
pbegins under & 1 1b. lomd.
Friction coefficisnt becomes
higher after galling.

" L
n L
f t

Loads up to 6.9 1b, were used.
In the sntire-load range the
only effects to the plate and
rod are shiny spots.

The Bebbltt plate 1s visldbly
dsmaged at 0.8 1o,

The aluminum rod smears onto
the plate at 1.5 1b.
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PHOTOGRAPH OF TEST APPARATUS

Figure 1.
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Figure Ra. REPRODUCIBILITY TEST RERULTS

Friction load vs, normal load for :
74-76A rod and RO-85 plate as desoribed.
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Figure 2b.
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REPRODUCIBILITY TEST RESULTS
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REPRODUCIBILITY TEST RESULTS
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Figure 4.

PHOTOGRAPHS OF ROD SPECIMENS SHOWING
PROGRESSIVE DAMAGE WITH INCREASING LOADS
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Figure 4.

(e)

PHOTOGRAPHS OF ROD SPECIMENS SHOWING
PROGRESSIVE DAMAGE WITH INCREASING LOADS
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Figure 6. PHOTOGRAPHS OF TRACKS ON PLATE
SPECIMENS SHOWING EFFECT OF ROUGHNESS

The initial surface for track (+) ias
leas rough than that for track (b).
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